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Abstract 

Despite  many  advantages  of  the  direct  internal  reforming  molten  carbonate  fuel  cell  (DIR-MCFC)  in  producing  electricity,  there  are  many 
problems  to  solve  before  practical  use.  The  deactivation  of  reforming  catalyst  by  alkali  like  lithium  is  one  of  the  major  obstacles  to  overcome. 
A  promising  method  is  addition  of  TiCL  into  the  Ni/MgO  reforming  catalyst,  which  resulted  in  the  increased  resistance  to  lithium  poisoning 
as  we  previously  reported.  To  understand  how  added  titania  worked,  it  is  necessary  to  elucidate  the  deactivation  mechanism  of  the  catalysts 
supported  on  metal  oxides  such  as  MgO  and  MgO-TiCL  composite  oxide. 

Several  supported  nickel  catalysts  deactivated  by  lithium  carbonate  were  prepared,  characterized  and  evaluated.  The  Ni/MgO  catalyst  turned 
out  to  be  most  vulnerable  to  lithium  deactivation  among  the  employed  catalysts.  The  activity  of  the  Ni/MgO  gradually  decreased  to  zero  with 
increasing  amount  of  lithium  addition.  Deactivation  by  lithium  addition  resulted  from  the  decrease  of  active  site  due  to  sintering  of  nickel 
particles  as  well  as  the  formation  of  the  LivNivMgi_x_vO  ternary  solid  solution.  These  were  evidenced  by  ID  chemisorption,  temperature 
programmed  reduction,  and  XRD  analyses.  As  an  effort  to  minimize  Li-poisoning,  titanium  was  introduced  to  MgO  support.  This  resulted  in 
the  formation  of  Ni/MgjTiCL,  which  seemed  to  increase  resistance  against  Li-poisoning. 

©  2005  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Among  various  types  of  fuel  cells,  the  molten  carbon¬ 
ate  fuel  cell  (MCFC)  is  believed  to  be  commercialized  with 
highest  possibility  in  near  future.  It  is  due  to  the  fact  that  it 
has  higher  energy  efficiency  than  conventional  thermal  power 
plants  and  can  be  supplied  as  a  dispersive  power  source  fu¬ 
eled  by  LNG  or  pre-treated  coal  gas.  Based  on  the  position 
of  reformer  the  MCFC  is  generally  classified  into  two  types, 
internal  and  external  reforming.  The  direct  internal  reforming 
MCFC  (DIR-MCFC)  takes  advantage  of  thermal  benefit  by 
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using  exothermic  heat  of  electrochemical  reaction  on  anode 
for  endothermic  heat  of  reforming  reaction.  Consumption  of 
exothermic  heat  makes  MCFC  operated  without  extra  coolant 
possible.  However,  it  is  well  known  in  DIR-MCFC  that  the 
reforming  catalyst  in  the  anode  chamber  easily  deteriorated 
by  alkali  carbonate  which  had  been  transported  via  the  vapor 
and/or  creep  of  electrolyte. 

For  the  reforming  of  natural  gas  to  produce  hydrogen,  the 
nickel  catalysts  supported  on  silica,  alumina,  and  magnesia 
have  been  currently  used  [  1  ] .  Among  those  catalysts,  Ni/MgO 
catalyst  has  been  widely  investigated  for  DIR-MCFC  [2-7]. 
Unfortunately,  however,  there  are  many  obstacles  to  over¬ 
come  to  practically  employ  the  Ni/MgO  catalyst  such  as  alkali 
poisoning.  Moon  et  al.  [6,7]  reported  the  deactivation  of  the 
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Ni/MgO  catalyst  operated  in  DIR-MCFC  single  cell  for  72  h. 
They  suggested  that  lithium  was  the  most  notorious  among 
the  alkalis  evaluated  and  that  the  deactivation  might  be  due 
to  chemical  reactions  of  catalyst  with  lithium.  As  an  effort 
to  improve  the  resistance  to  Li-poisoning,  we  studied  the  use 
of  composite  oxides  instead  magnesia  as  supporting  materi¬ 
als  for  nickel  loading.  The  resistance  of  the  catalyst  to  Li- 
poisoning  drastically  increased  when  titania  was  introduced 
to  Ni/MgO  catalyst  [8].  The  mechanism  of  Li-deactivation 
and  reason  for  the  high  resistivity  of  the  Ni/MgO-TiCL  re¬ 
mained  obscure. 

In  this  paper,  we  prepared  a  series  of  supported  nickel  cat¬ 
alysts  over  MgO  deactivated  with  varying  amounts  of  lithium 
carbonate,  and  evaluated  their  catalytic  properties.  Character¬ 
ization  including  N2  physisorption.  X-ray  diffraction  (XRD), 
and  H2  chemisorption  was  carried  out  to  elucidate  the  role  of 
lithium  as  a  deactivating  material  and  the  role  of  the  titania 
as  a  material  giving  resistance. 

2.  Experimental 

2.1.  Preparation  of  the  catalysts 

Magnesium  oxide  was  prepared  by  calcining  magnesium 
hydroxide  at  973  K  for  12  h.  The  nickel  catalyst  supported 
on  MgO  was  abbreviated  to  NM.  Synthetic  procedure  for 
Mg0-Ti02  composite  oxides  as  a  support  is  as  follows. 
Magnesium  acetate  tetrahydrate  (G.R.,  Junsei)  and  titanium 
tetraisopropoxide  (G.R.,  Junsei)  were  dissolved  in  water  and 
isopropyl  alcohol,  respectively.  Corresponding  precursor  so¬ 
lution  of  titanium  was  dropped  to  the  solution  of  magnesium 
acetate  until  target  Mg/Ti  ratios  were  achieved,  and  then  aged 
for  3  h  in  ice-water  bath.  The  target  Mg/Ti  ratios  were  2,  1, 
and  0.5  which  corresponds  to  qandilite  (Mg2Ti04),  geikielite 
(MgTi03)  and  karooite  (MgTLOs),  respectively.  After  re¬ 
moving  the  solvent  in  the  rotary  evaporator,  a  mixture  of 
powder  and  sticky  gel  was  obtained.  Then,  the  mixture  was 
heated  up  to  973  K  at  10  K  min-1,  and  calcined  at  973  K  for 
12  h  in  air. 

The  active  component,  nickel,  was  loaded  by  incipient 
wetness  method.  The  aqueous  solution  of  nickel  nitrate  hex- 
ahydrate  (99.9%,  Aldrich)  was  injected  into  a  dried  sup¬ 
port,  and  finished  upon  reaching  the  amount  corresponding  to 
20  wt.%  of  nickel  loading.  After  the  impregnation  precursors 
were  dried  at  383  K.  Then,  the  supported  nickel  catalysts  were 
oxidized  in  liquid  phase  with  NaOCl  for  12 h  at  353 K  [9]. 
The  samples  were  filtered  and  washed  using  a  large  amount 
of  deionized  water  and  dried  again. 

2.2.  Catalytic  activity  test  and  deactivation  test 

In  order  to  study  Li-poisoning,  stability  tests  were  carried 
out.  The  lithium  carbonate  powder  (99%,  Avondale  Labora¬ 
tories)  was  mechanically  mixed  with  the  catalysts,  and  then 
the  mixture  was  treated  at  923  K  for  1  h  in  flowing  hydrogen 


with  50%  N2  balance.  Amount  of  Li2C03  used  was  expressed 
in  wt.%  based  on  the  weight  of  Li-free  catalysts  and  denoted 
to  xL-as  prefix  in  catalyst  codes.  For  example,  10LNM  stands 
for  the  catalyst  supported  on  MgO  being  mixed  with  10  wt.% 
of  Li2C03. 

The  catalytic  reactions  were  conducted  in  quartz  tube  reac¬ 
tor  at  923  K  under  atmospheric  pressure,  the  similar  condition 
used  actually  in  MCFC  [10].  Athermowell  equipped  with  a 
Ktype  thermocouple  was  placed  in  the  center  of  catalyst  bed. 
A  controlled  amount  of  CH4  and  H2O  with  molar  ratio  of 
1:2.5  was  fed  into  the  reactor  by  a  mass  flow  controller  and 
a  micro  syringe,  respectively.  The  flow  rate  of  methane  was 
20  seem.  For  each  run,  the  same  amount  of  active  nickel  in  the 
poisoned  catalysts  was  made  to  put  in  the  reactor  for  the  com¬ 
parison  of  activity  because  the  catalysts  contained  different 
contents  of  nickel  after  deactivation.  Gaseous  effluents  were 
passed  through  a  trap  maintained  at  273  K  to  remove  the  un¬ 
reacted  water  and  then  analyzed  by  on-line  gas  chromatogra¬ 
phy  (DS6200,  Donam)  equipped  with  a  TCD  detector  using 
Ar  as  carrier  gas. 

2.3.  Characterization 

The  powder  X-ray  diffraction  (XRD)  with  a  Mac  Science 
M18XHF22-SRA  diffraction  spectrometer  using  Cu  Ka  as 
a  radiation  source  was  used  to  determine  the  phases  of  the 
prepared  samples. 

BET  surface  area  and  pore  size  distribution  were  deter¬ 
mined  by  N2  adsorption  and  desorption  using  a  porosimetry 
analyzer  (ASAP  2010,  Micromeritics  Corp.). 

Fh-chemisorption  was  performed  in  home-made  volumet¬ 
ric  apparatus  equipped  with  Baratron  absolute  pressure  gauge 
and  transducer  (Type  121 A  and  122A,  MKS)  according  to  the 
procedure  described  elsewhere  [11]. 

Elemental  analysis  was  carried  out  on  an  inductively  cou¬ 
pled  plasma-atomic  emission  spectrometer  (ICPS-7500,  Shi- 
madzu). 


3.  Results  and  discussion 

3.1.  Ni/MgO  catalyst 

Table  1  summarized  the  results  of  elemental  analyses  by 
induced  coupled  plasma  (ICP)  for  the  catalyst  samples.  The 
measured  nickel  loading  for  0LNM  was  19.2  wt.%.  Almost 
all  of  the  introduced  lithium  as  LLCCL  remained  in  the  sam¬ 
ples  after  calcination  at  923  K  regardless  of  lithium  loading. 

Table  1 


Atomic  composition  of  the  catalysts  deactivated  by  lithium  carbonate 


Atomic 
fraction  (%) 

0LNM 

5LNM 

10LNM 

15LNM 

20LNM 

Li 

0 

4.2 

10.2 

14.0 

17.2 

Mg 

86.0 

82.3 

77.1 

74.0 

71.1 

Ni 

14.0 

13.5 

12.7 

12.1 

11.6 
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Fig.  1 .  Activity  of  deactivated  catalysts  in  methane  steam  reforming  by  dif¬ 
ferent  amount  of  lithium.  ♦:  OLNM;  ■:  5LNM;  A:  10LNM;  •:  15LNM; 
A:  20LNM. 


2theta  (degree) 


The  prepared  samples  were  evaluated  using  the  steam  re¬ 
forming  of  methane  and  the  time-on-stream  data  were  shown 
in  Fig.  1.  The  OLNM  catalyst  experienced  no  deactivation 
by  lithium  showed  a  constant  methane  conversion  of  83% 
for4h.  For  comparison,  the  conversions  obtained  at  100  min 
were  evaluated  for  all  the  catalyst  samples.  As  the  amount  of 
added  lithium  increased,  the  loss  in  catalytic  activity  also  in¬ 
creased,  implying  that  the  catalyst  was  poisoned  by  lithium. 
For  the  20LNM  sample,  the  catalyst  deactivated  completely 
although  there  were  small  initial  activity  in  induction  period. 
Even  though  the  simulated  poisoning  method  by  lithium  ap¬ 
plied  in  this  paper  are  somewhat  different  from  real  poison¬ 
ing  process  by  lithium  in  the  real  stack  of  MCFC,  comparing 
the  results  in  Fig.  1  with  the  fact  that  Ni/MgO  catalyst  sys¬ 
tem  gradually  lose  its  activity  as  the  system  experience  more 
lithium  in  the  stack  [4-6],  we  believe  the  simulated  poison¬ 
ing  method  emulate  the  catalyst  deactivation  considerably. 
On  the  contrary,  in  other  study  [12],  an  enhanced  catalytic 
behavior  by  lithium  in  bio-ethanol  steam  reforming  was  re¬ 
ported  when  small  fraction  of  lithium  was  added  in  Ni/MgO 
catalyst.  Conventionally,  lithium  has  been  used  as  a  catalytic 
promoter.  Owing  to  this  ambiguous  behavior  of  lithium,  there 
was  no  clear  evidence  to  date  that  lithium  directly  deactivate 
and/or  poison  the  Ni/MgO  catalyst  in  the  MCFC  application. 

In  order  to  elucidate  the  effect  of  lithium  on  deactivat¬ 
ing  the  Ni/MgO  catalyst,  the  LNM  catalysts  were  character¬ 
ized  using  XRD  and  hydrogen  chemisorption.  The  changes 
in  crystalline  phases  after  deactivation  were  identified  by  X- 
ray  diffraction.  Fig.  2  summarized  X-ray  diffraction  patterns 
of  the  catalyst  samples.  Peaks  of  the  support  material  and  the 
reduced  nickel  were  assigned.  For  all  the  samples,  no  signif¬ 
icant  new  peaks  were  observed.  This  indicates  that  added 


Fig.  2.  XRD  patterns  of  deactivated  catalysts.  ♦:  Ni;  T:  support. 

lithium  did  not  form  any  other  crystalline  phases.  As  the 
lithium  amount  in  the  sample  was  increased,  the  peaks  for 
metallic  nickel  became  sharper  and  more  intense.  We  be¬ 
lieve  it  is  due  to  not  only  the  development  of  crystallinity  of 
metallic  nickel  but  also  the  enlargement  of  nickel  crystallite. 
According  to  Arena  et  al.  [13,14]  lithium  possibly  caused  sin¬ 
tering  by  enhancing  mobility  of  nickel  on  the  partially  molten 
MgO  matrix  in  the  view  of  solid-state  chemistry. 

The  crystallite  size  for  nickel  and  support  calculated  using 
Scherrer  equation  and  the  lattice  parameter  for  the  support 
were  listed  in  Table  2.  Comparing  with  the  activity  data  in 
Fig.  1,  the  OLNM  catalyst  with  the  crystallite  size  of  21.3 
run  showed  the  highest  activity  among  the  prepared  catalyst 
samples.  As  increasing  the  amount  of  lithium  in  the  sample 
the  sizes  of  nickel  became  larger,  implying  crystal  growth 
and/or  sintering.  For  the  supported  metal  particle,  crystallite 
size  can  be  regarded  as  particle  size  because  a  small  metal 
particle  less  than  a  few  tens  of  nanometer  can  be  regarded  as 
a  single  crystallite  [15].  Consequently,  decreasing  the  active 
surface  area  of  nickel  caused  by  crystallite  size  increase  ought 
to  be  one  of  the  reasons  for  activity  declination  of  the  catalyst. 
The  transition  of  crystallite  sizes  and  lattice  parameters  of 
MgO  in  Table  2  will  be  discussed  later  in  detail. 

Fig.  3  is  a  close-up  XRD  image  of  Fig.  2  from  61°  to  63°. 
The  peaks  between  62°  and  63°  are  assigned  to  be  MgO 
(2  2  0)  phase.  The  peaks  significantly  shifted  to  higher  angle 
as  the  added  lithium  amount  increased.  Considering  our 
samples  were  composed  of  Ni  and  Mg,  the  shift  of  peaks 
described  as  dotted  line  in  Fig.  3  stands  for  having  more 
character  of  NiO,  positioned  at  62.92°  for  NiO  (2  2  0)  from 


Table  2 

Results  of  XRD  analyses  for  deactivated  catalysts 


OLNM 

5LNM 

10LNM 

15LNM 

20LNM 

Crystallite  size  of  Ni  (nm)a 

21.3 

23.6 

26.4 

28.0 

29.9 

Crystallite  size  of  support  (nm)b 

9.9 

14.0 

15.7 

18.1 

18.3 

Lattice  parameter  ( a ) 

4.214 

4.212 

4.210 

4.209 

4.206 

a  Calculated  from  the  line  broadening  of  Ni  (1  1  1)  peak. 
b  Calculated  from  the  line  broadening  of  MgO  (2  2  0)  peak. 
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Fig.  3.  A  close-up  image  of  XRD  patterns  of  deactivated  catalysts  between 
61°  and  63°. 

the  reference  [16]  in  the  Li-containing  support  materials. 
The  reduction  of  lattice  parameters  in  Table  2  is  another 
description  for  the  same  observation.  It  is  resulted  from 
the  formation  of  a  solid  solution,  leading  more  compact 
crystallite  due  to  insertion  of  smaller  Ni  atom  into  lattice.  It 
is  well  known  that  NiO  and  MgO  form  an  ideal  NiAMgi_A0 
solid  solution,  without  NiO  and/or  MgO  phase  segregation, 
over  the  whole  atomic  fraction  range  [17].  In  general,  the 
peak  shift  plays  an  important  role  on  judging  the  formation 
of  solid  solution  in  catalyst  study.  Arena  et  al.  [18  ]  prepared 
a  series  of  NiO-MgO  samples  calcined  at  different  tempera¬ 
tures  in  air  for  16  h  and  carried  out  XRD  measurements  using 
a  high-resolution  powder  diffactometer  with  monochroma- 
tized  non-doublet  synchrotron  radiation.  Resultantly,  it  was 
observed  that  the  peaks  for  MgO  phases  distinguished  from 
those  for  NiO  phases  shifted  to  higher  angles  with  increasing 
calcination  temperatures.  They  stated  that  the  peak  shift  was 
attributed  to  the  formation  of  solid  solution.  It  was  suggested 
that  the  more  mobile  nickel  diffused  into  the  support  matrix 
with  increasing  calcination  temperatures.  In  other  papers 
[13,14],  the  impregnated  lithium  up  to  1  wt.%  was  suggested 
to  accelerate  dissolving  the  supported  nickel  at  high  temper¬ 
ature  calcination  in  both  reducing  and  oxidizing  conditions. 

In  contrast,  Antolini  [19]  maintained  that  thermal  treat¬ 
ment  of  Li-doped  Ni/MgO  gave  rise  to  the  formation  of  the 
ternary  lithium  nickel  magnesium  oxide  (LivNivMgi_y_vO) 
even  though  only  a  very  small  amount  of  Li+  ions  could  en¬ 
ter  MgO  lattice  without  nickel.  In  the  presence  of  nickel, 
however,  the  amount  of  lithium  dissolved  in  MgO  could  re¬ 
markably  increase,  as  Ni3+  ions  could  behavior  as  charge- 
compensating  species.  Moreover,  he  suggested  an  equation 
that  can  correlate  the  lattice  parameter,  a,  of  the  ternary  solid 
solution  with  the  atomic  fractions  of  Li,  Ni  and  Mg: 

a  =  flo  -  k(\  -  .VMg)*Li  (1) 

where  XMg  and  xjj  stand  for  the  atomic  fractions  of  Mg  and 
Li,  respectively,  and  ao  for  lattice  constant. 


Pore  size  (nm) 

Fig.  4.  Pore  size  distributions  of  catalysts.  ■:  OLNM;  O:  20LNM. 

In  our  XRD  data  in  Fig.  3,  it  was  almost  impossible  to 
de-convolute  the  XRD  peaks  into  those  for  MgO  and  NiO. 
Considering  the  facts  that  it  is  very  difficult  for  the  supported 
metallic  nickel  being  oxidized  in  the  hydrogen  rich  condition 
applied  in  this  study  and  that  Li  facilitates  formation  of  the 
ternary  solid  solution  in  the  presence  of  nickel  as  fully  dis¬ 
cussed  above,  the  formation  of  LiyNiA-Mgi_v_vO  must  be  a 
more  plausible  reason  for  XRD  peak  shift  observed  in  Fig.  3. 

Since  the  crystallite  size  of  support  material  increased  with 
increasing  amount  of  lithium  (Table  2),  one  may  expect  de¬ 
crease  of  BET  surface  areas  of  the  samples  as  suggested  by 
Serra  et  al.  [16].  Accordingly,  the  measured  BET  surface  area 
of  42.5  m2  g-1  for  OLNM  decreased  to  that  of  18.3  m2  g-1 
for  20LNM.  The  pore  size  distributions  were  depicted  for 
comparison  in  Fig.  4.  Both  samples  turned  out  to  be  meso- 
porous  materials.  Comparing  the  pore  size  distribution  of 
20LNM  with  that  of  OLNM,  pore  volume  in  the  range  of 
10-100  nm  decreased  significantly,  which  is  consistent  with 
crystallite  sintering  data  in  Table  2.  Conclusively,  addition  of 
Li  to  Ni/MgO  samples  resulted  in  the  formation  of  the  ternary 
solid  solution  and  simultaneously  modified  the  morphology 
of  the  samples. 

In  order  to  confirm  the  formation  of  the  ternary  solid  solu¬ 
tion  by  addition  of  lithium  to  Ni/MgO  catalyst  system,  the  in¬ 
formation  on  dispersion  and  particle  size  of  supported  nickel 
was  essential.  That  information  was  obtained  from  hydrogen 
uptake  data  in  Table  3.  It  is  well  known  that  atomic  hydrogen 
is  ready  to  adsorb  on  the  reduced  Ni  surface  [10,12].  Nickel 


Table  3 

Results  of  hydrogen  chemisorption  for  deactivated  catalysts 


OLNM 

5LNM 

10LNM 

15LNM 

20LNM 

H2  uptake 

56.39 

39.67 

29.80 

24.50 

9.791 

(M-molg"]) 
Dispersion  (%)a 

3.45 

2.45 

1.86 

1.56 

0.62 

Size  (nm)b 

28.2 

39.7 

52.1 

62.4 

156 

a  Dispersion  was 

calculated 

assuming 

that  all  of  the  nickel  was 

reduced. 

b  Size  was  calculated  using  the  equation  from  Ref.  [20]. 
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dispersion  ( D )  was  calculated  using  Eq.  (2)  by  assuming  that 
hydrogen  chemisorbs  dissociatively  on  nickel  surface  and 
that  each  hydrogen  atom  chemisorbs  on  each  nickel  atom: 

D(%)  =  Nisurf/Nired  (2) 

where  Nisurf(g“  | )  is  the  number  of  nickel  atoms  on  the  sur¬ 
face  of  the  samples,  which  is  counted  by  the  number  of  hy¬ 
drogen  atoms  and  Nirecj  (g^t)  's  the  number  of  the  reduced 
nickel  atoms.  In  Table  3,  we  assumed  all  of  supported  nickel 
(19.2  wt.%)  would  be  reduced  regarding  severe  reduction 
condition  of  923  K  and  50%  H2  with  N2  balance.  The  Ni 
mean  particle  size,  c/s,  was  derived  using  the  Eq.  (3): 

t/s(nm)  =  97.1/D(%)  (3) 

as  suggested  by  Bartholomew  et  al.  [20],  where  nickel  parti¬ 
cles  were  assumed  to  form  hemisphere  with  various  diame¬ 
ters.  Comparing  the  nickel  size  data  listed  in  Tables  2  and  3, 
where  the  similar  data  were  collected  by  XRD  and  H2 
chemisorption,  respectively,  the  mean  sizes  of  supported 
nickel  showed  deviation  with  different  degrees.  More  lithium 
introduced  to  the  Ni/MgO  samples  resulted  in  more  deviation 
in  nickel  size  data.  We  believe  that  this  discrepancy  is  orig¬ 
inated  from  the  assumption  that  all  of  the  supported  nickel 
was  reduced.  As  we  already  mentioned  from  the  XRD  peak 
shift  that  lithium  facilitated  the  formation  of  the  solid  solution 
of  LiyNi.vMgi-jt-yO,  some  fraction  of  supported  nickel  must 
be  oxidized  to  form  the  solid  solution.  This  would  make  the 
assumption  of  the  complete  reduction  of  supported  nickel  in¬ 
valid.  Hence,  we  decided  to  consider  the  degree  of  reduction, 
a,  defined  as  in  Eq.  (4): 

a  —  Nired/Nitotal  (4) 

where  Nitotai  is  the  total  number  of  supported  nickel  in 
the  catalyst. 

The  degree  of  reduction  can  be  derived  from  Eqs.  (2)  and 
(3)  assuming  that  the  particle  size  of  supported  nickel  is  iden¬ 
tical  to  the  crystallite  size  calculated  by  XRD  data.  This  as¬ 
sumption  is  usually  acceptable  for  a  small  size  of  supported 
metals  [15]: 

a  =  Ws)(Nisurf)/(97.1)(Nit0,al)  (5) 

If  we  deduce  the  degree  of  reduction  from  the  experimental 
data,  the  supported  nickel  can  be  classified  into  metallic 
nickel  and  oxidized  nickel  in  solid  solution.  Table  4  listed 
the  calculated  data  using  Eq.  (5).  In  the  case  of  20LNM,  over 
80%  of  nickel  was  believed  to  be  dissolved  in  the  ternary  solid 
solution,  which  resulted  in  the  loss  of  active  site,  reduced 
nickel  surface.  This  explains  well  the  loss  of  activity  for  the 
20LNM  and  the  trend  of  less  activity  of  the  catalyst  samples 
with  increasing  lithium  addition.  The  atomic  fractions  of  each 
component  for  the  Li-poisoned  catalysts  with  varying  lithium 
amount  were  measured  by  ICP  analysis  and  summarized  in 
Table  1 .  Combining  these  results  with  the  degree  of  reduc¬ 
tion,  the  composition  of  ternary  solid  solution  produced  after 
Li-poisoning  can  be  estimated  assuming  that  all  of  detected 


Table  4 

List  of  atomic  composition  of  deactivated  catalysts  and  LivNivMgi_*_yO 
ternary  solid  solution 


OLNM 

5LNM 

10LNM 

15LNM 

20LNM 

Degree  of 

75.63 

58.96 

49.53 

43.19 

18.43 

reduction  (%) 

Atomic  fraction  in 

catalyst  (%) 

Metallic  Ni 

10.6 

7.94 

6.28 

5.22 

2.15 

Oxidized  Ni 

3.42 

5.53 

6.40 

6.87 

9.45 

Li 

0 

4.24 

10.2 

14.0 

17.2 

Mg 

86.0 

82.3 

11 A 

74.0 

71.1 

Atomic  fraction  in 

Li,.NivMgi_ 

-x-yO  solid  solution  (%) 

Ni 

3.83 

6.00 

6.82 

7.25 

9.80 

Li 

0 

4.75 

12.4 

17.9 

23.7 

Mg 

96.2 

89.5 

82.3 

78.0 

66.5 

lithium  by  ICP  participated  in  the  formation  of  solid  solution. 
The  re-calculated  atomic  fractions  of  each  metal  were  shown 
in  the  lower  part  of  Table  4.  This  estimated  atomic  fraction 
in  the  ternary  solid  solution  was  applied  to  the  Eq.  (1)  to 
confirm  the  validity  of  the  previous  assumptions  that  all  of 
the  detected  lithium  participated  in  the  ternary  solid  solution. 
In  Fig.  5,(1—  XMg)*Li  was  plotted  to  the  lattice  parameter  of 
each  sample  listed  in  Table  2.  There  exists  almost  linear  re¬ 
lationship  between  lattice  parameter  and  the  atomic  fraction, 
implying  that  the  detected  lithium  to  the  Ni/MgO  samples 
participated  in  the  formation  of  the  ternary  solid  solution 
and  that  lithium  facilitated  the  dissolution  of  nickel  species 
into  the  solid  solution,  resulting  in  losing  their  activities. 
This  indication  also  justifies  our  corresponding  assumptions 
and  validates  our  discussion.  In  addition,  irreducible  nickel 
species  are  known  not  to  catalyze  the  steam  reforming  of 
methane  [21,22].  In  our  previous  report  [8],  it  was  found  that 
once  nickel  formed  the  solid  solution  with  MgO,  the  oxidized 
nickel  required  as  high  as  973  K  to  be  reduced.  Forming 
more  solid  solution  resulted  in  higher  reduction  temperature. 
Since  the  reaction  temperature  employed  in  this  paper  is 
923  K,  the  nickel  in  solid  solution  could  not  be  reduced,  and 


Fig.  5.  Plot  of  lattice  parameter  vs.  (1—  XMg)*Li-  Closed  circles  stand  for  the 
values  for  the  present  Liv Nix Mg i  _x_  v O  samples.  XMg,  xu-  atomic  fraction 
of  Mg  and  Li  in  ternary  solid  solution,  respectively. 
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Fig.  6.  XRD  patterns  of  MgO-Ti02  composite  oxides,  (a)  Mg2Ti04,  (b) 
MgT^Os,  and  (c)  MgTi03. 

thus  could  not  participate  in  steam  reforming.  Considering 
this  fraction  of  oxidized  nickel  in  the  solid  solution  and 
XRD  peak  shift,  we  propose  that  the  formation  of  the  ternary 
solid  solution  accelerated  by  lithium  addition  was  the  main 
reason  for  the  deactivation  of  the  Ni/MgO  catalysts. 

3.2.  Deactivation  of  Ni/MgO-Ti02  composite  oxide 

Since  the  solubility  increase  of  nickel  by  lithium  to  form 
the  solid  solution  is  believed  to  be  the  major  factor  of  deac¬ 
tivation,  the  support  materials  need  to  be  substituted  by  the 
materials  with  more  resistance  to  Li-poisoning.  As  a  strong 
candidate,  MgO-TiCh  composite  oxides  were  prepared  and 
evaluated  in  our  previous  report  [8].  For  further  investigation 
on  deactivation  mechanism  for  this  composite  oxide  supports, 
three  crystalline  phases  of  MgO-TiCF  with  varying  metal 
composition  were  prepared  and  analyzed. 

The  molar  ratios  of  Mg  to  Ti  for  the  prepared  samples 
were  2:1,1 :2,  and  1:1,  and  their  XRD  patterns  were  shown  in 
Fig.  6a-c,  respectively.  Each  XRD  pattern  was  well  matched 
to  that  of  qandilite  (Mg2TiC>4),  karooite  (MgTLOs)  and 
geikielite  (MgTiCL).  Only  the  prepared  sample  made  with 
the  molar  ratio  of  Mg  to  Ti  to  be  1:2  had  some  peaks  of 
geikielite  with  low  intensity. 

After  nickel  was  introduced  to  the  prepared  composite  ox¬ 
ides  by  following  the  same  procedure,  activity  test  was  car¬ 
ried  out  with  and  without  Li-poisoning  and  the  results  were 
summarized  in  Table  5.  The  T  of  the  catalyst  code  repre¬ 
sents  titanium  in  the  support  and  the  numbers  after  M  and  T 
stand  for  molar  ratio  of  Mg  to  Ti.  Three  different  Li -free  cat¬ 
alysts  showed  the  methane  conversions  similar  to  that  of  the 


Fig.  7.  XRD  patterns  of  Ni/MgO-TiCT  catalysts  before  and  after  deactiva¬ 
tion.  (a)  NM2T,  (b)  20LNM2T,  (c)  NMT2,  (d)  20LNMT2 ,  (e)  NMT,  and  (f) 
20LNMT;  ♦:  Ni;  ▼:  LijNi^Mgi^^O. 

Ni/MgO  catalyst.  However,  when  the  catalysts  poisoned  with 
20wt.%  of  lithium  carbonate,  only  20LNM2T  sample  main¬ 
tained  its  original  catalytic  activity.  Ni/MgTi03  lost  almost 
of  its  activity.  Ni/MgTLOs  catalyst  sustained  only  small  frac¬ 
tion  of  its  original  activity.  This  indicates  that  composite  ox¬ 
ides  of  magnesium  and  titanium  are  resistant  to  Li-poisoning 
and  that  there  are  optimum  Mg  to  Ti  ratio  in  minimizing  Li- 
poisoning.  This  is  a  consistent  result  with  our  previous  report 
[8]. 

Introduction  of  lithium  to  each  catalyst  resulted  in  the  sin¬ 
tering  of  supported  nickel.  It  was  observed  in  Lig.  7  that  the 
peaks  for  metallic  nickel  in  the  X-ray  diffractogram  became 
thinner  and  sharper  after  the  deactivation  by  lithium.  The  de¬ 
grees  of  sintering  were  different  with  the  molar  ratio  of  Mg  to 
Ti  in  the  support  materials.  In  the  cases  of  NMT2  and  NMT 
which  were  easily  deactivated,  it  is  clearly  shown  that  the 
intense  and  sharp  nickel  peaks  were  emerged  in  Lig.  7d  and 
f.  On  the  other  hand,  the  addition  of  lithium  into  the  catalyst 
of  NM2T  did  not  affect  the  peaks  for  the  supported  nickel 
significantly  (Lig.  7b),  which  would  be  indicative  of  stronger 
resistance  of  NM2T  than  those  of  the  others.  With  respect  to 
the  crystalline  structures  of  the  supports,  there  is  something 
worth  being  noticed.  As  seen  in  Lig.  7f,  the  structure  of  the 
weakest  catalyst  NMT  was  completely  transformed  into  the 
structure  of  ternary  solid  solution  LiyNi  vMgi-^-yO  after  de¬ 
activation.  It  implies  that  the  affinity  to  form  the  ternary  solid 
solution  caused  by  Li  is  much  stronger  than  the  tendency  to 
maintain  the  magnesia-titania  composite  oxide.  Considering 
that  the  crystalline  structures  of  the  other  catalysts  contain¬ 
ing  Ti  were  preserved  after  deactivation,  the  lowest  activity 


Table  5 

Activities  of  the  prepared  Ni  reforming  catalysts  supported  on  various  MgO-TiCL  composite  oxides  before  and  after  Li  poisoning 


NMT 

20LNMT 

nmt2 

20LNMT2 

nm2t 

20LNM2T 

CH4  conversion  (%) 

80.7 

5.52 

64.5 

13.3 

78.0 

77.6 
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of  20LNMT  was  ascribed  to  the  less  stability  of  its  support 
to  Li.  It  seemed  that  the  affinities  of  composite  oxides  for  the 
ternary  solid  solution  might  be  the  main  origin  of  the  differ¬ 
ent  resistance  to  Li-poisoning.  However,  we  cannot  rule  out 
the  other  possibilities  such  as  the  morphology  of  the  catalyst 
including  the  particle  sizes  of  both  nickel  and  support,  and 
nickel-support  interactions  varying  with  the  ratio  of  Mg  to  Ti, 
which  were  mentioned  previously  [8].  In  order  to  elucidate 
the  role  of  titania,  all  of  above  things  should  be  considered 
simultaneously.  Further  investigation  is  being  carried  out. 

4.  Conclusions 

The  effect  of  lithium  carbonate  on  nickel  reforming  cata¬ 
lyst  supported  on  MgO  for  DIR-MCFC  was  investigated.  The 
more  the  amount  of  lithium  carbonate  added  to  the  Ni/MgO 
catalyst,  the  more  the  catalyst  deactivated.  When  20  wt.%  of 
lithium  carbonate  was  added,  the  Ni/MgO  catalyst  lost  all 
of  its  activity.  Considering  the  XRD  peak  shift  for  lithium 
deactivated  samples,  the  faction  of  oxidized  nickel  in  sam¬ 
ples  calculated  from  hydrogen  chemisorption,  and  higher  re¬ 
duction  temperatures  for  Li-deactivated  samples,  we  believe 
that  the  deactivation  was  due  to  the  loss  of  active  site,  the 
surface  of  reduced  nickel,  resulted  from  the  formation  of 
LivNi  tMgi  -jf-yO  solid  solution  induced  by  lithium.  To  in¬ 
hibit  the  dissolution  of  nickel,  alternative  material  such  as 
MgO-TiCL  composite  oxide  was  substituted  for  MgO.  Re- 
sultantly,  it  was  found  that  the  Mg-Ti  composite  oxides  were 
resistant  to  Li-poisoning  and  that  there  exists  an  optimum 
ratio  of  Mg  to  Ti  in  minimizing  Li-poisoning.  The  formation 
of  Ni/Mg2Ti04  seemed  to  be  essential  to  increase  resistance 
against  Li-poisoning. 
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